Single crystals of GaSb, GaAs and InAs were irradiated with 2 MeV electrons in the [001] direction in an ultrahigh voltage electron microscope. When electron irradiations were carried out in the semiconductor compounds kept at low temperatures, chemical disordering is first induced and with continued irradiation amorphization sets in. The chemical disordering and the resulting amorphization become more difficult to occur in the sequence of the increasing ionisity (GaSb ! GaAs ! InAs) at a fixed low temperature.
Introduction
One unique advantage of ultrahigh voltage electron microscopy (UHVEM) is the fact that in situ observation of phenomena is possible simultaneously with the introduction of point defects. Since the energy transferred from high energy (MeV) electrons to the primary knock-on atoms is sufficiently to produce only single or at most double atom displacements, point defects can be introduced in a greatly simplified condition that only Frenkel pairs are produced homogeneously over the irradiated region. Making use of this merit, studies on conditions in which non-equilibrium solid phases, such as amorphous phases, chemical disordered phases and so on, can be successfully produced under MeV electron irradiation will be carried out by UHVEM. [1] [2] [3] [4] [5] [6] [7] [8] [9] As typical examples of the previous studies, electron-irradiationinduced amorphization in intermetallic compounds which consist of transition metals, borides, carbides or oxides has been examined and the relation between the tendency toward the amorphization and the position of those compounds in the temperature-composition phase diagram has been discussed. 10, 11) In the present work, electron irradiation effects in III-V compounds, such as GaSb, GaAs and InAs, have been studied by UHVEM, in order to see the relation between the electronirradiation-induced structural change and the bonding character. As well-known, the III-V compounds are covalent solids which have the zincblende structure. Such compounds have polar bonding but they are nevertheless considered covalent rather than ionic. Covalent solids form crystal structures in which the nearest neighbors to each atom are arranged as a regular tetrahedron. Each bond contains two electrons. In those compounds, there is no discontinuous change in the qualitative nature of the electronic structure in going from lowly polar to highly polar solids of the same crystal structure. This feature has led Pauling to define ionicity in terms of energies of formation in order to provide a scale for the trend. The total number of electrons in each of those solids is same and the structure is same for all. It is different how many nuclear charges increase on one of the atoms (the anion) and decrease on the other (the cation). In order of GaSb, GaAs and InAs, ionicity increases.
12)

Experimental Procedure
Single crystals of GaAs, GaSb and InAs were supplied in the form of 400 mm thick wafers with the h001i normal. Disks of about 3 mm in diameter were cut out from the wafers, and a dimple was formed at the central portion of each disk. TEM foils were prepared from the disks by the chemical etching method using a mixture of 2 parts HNO 3 , 1 part HF, and 1 part CH 3 COOH. Electron irradiation experiments were carried out using a Hitachi H-3000 ultrahigh voltage electron microscope. The accelerating voltage was 2 MV. The maximum electron flux used was 7 Â 10 23 m À2 Ás À1 . The temperature of the specimens was kept at 20, 70 or 120 K during the irradiation. Structural changes associated with irradiation were observed in situ.
Results and Discussion
A typical example of structural changes in GaAs associated with electron irradiation at 20 K is shown in Fig. 1 . Figure 1(a) shows a bright-field image (BFI) of an area before irradiation, where a set of bend extinction contours appear dark. The selected area electron diffraction pattern (SAED) taken from the portion encircled is shown in Fig. 1(a' ). The SAED can be indexed as the [001] net pattern of GaAs. The same area after irradiation for 0.18 ks is shown in Fig. 1(b) . In the irradiated region, there appear defects. The corresponding SAED taken from the irradiated region are shown in A typical example of structural changes in GaSb associated with electron irradiation at 20 K is shown in Fig. 2 . Figure 2 (a) shows a BFI of an area before irradiation, where a set of bend extinction contours appear dark. The SAED taken from the portion encircled is shown in Fig. 2(a' ). The SAED can be indexed as the [001] net pattern of GaSb. The same area after irradiation for 0.18 ks is shown in Fig. 2(b) . At the center of the irradiated region where the maximum dose (of approximately 1:3 Â 10 26 m À2 ) has been deposited, bend extinction contours have disappeared. The corresponding SAED taken from the irradiated region are shown in Fig.  2(b' ). In the corresponding SAED, halos are recognized, superimposed on the [001] net pattern without superlattice reflections. This fact indicates that in the irradiated region the portion subjected to the heaviest irradiation chemical disordering and the consequent amorphization has been induced. Figure 2(c) shows a BFI of the same area after irradiation, i.e., for 0.6 ks. No crystallites can be recognized at the center of the irradiated region where the maximum dose has been deposited. In the corresponding SAED, only halos are recognized. This fact indicates that in this stage the chemically disordered region has disappeared and the amorphous region has become wider. It is evident that the rate of the chemical disordering and the resulting amorphization induced by the irradiation in GaSb is faster than that in GaAs, as seen from a comparison of the SAED in Fig. 1(b' ) with that in Fig. 2(b' ).
An example of structural changes in InAs associated with electron irradiation at 20 K is shown in Fig. 3 . Figure 3(a) shows a BFI of an area before irradiation, where a set of bend extinction contours appear dark again. The SAED taken from the portion encircled is shown in Fig. 3(a' ). The SAED can be analyzed as the [001] net pattern again. The same area after irradiation for 0.18 ks and 0.6 ks is shown in Fig. 3 (b) and 3(c), respectively. Even in the region irradiated to the maximum doses of 1:3 Â 10 26 m À2 (Fig. 3(b) ) or 4:2 Â 10 26 m À2 (Fig. 3(c) ), there only appear a high density of defects. In the SAED taken from the irradiated region ( Fig.  3(b' ) and Fig. 3(c') ), the intensity of superlattice reflections in the [001] net pattern of InAs is as high as that before irradiation as shown in Fig. 3(a' ). This result indicates that such chemical disordering and amorphization as observed on irradiations in GaAs or GaSb is absent during the irradiation in InAs. Figure 4 summarizes the results on structural changes induced by electron irradiation as functions of temperature of the specimens during irradiation and total electron dose. In this figure, marks of black circle, black triangle, open triangle and open square indicate the formation of the amorphous phase (including chemically disordered phase distributed locally, which was detected by halos in SAEDs), the chemically disordered phase with a low degree, the chemically disordered phase with a high degree and the ordered phase, respectively. Through the present experiments, it becomes evident that when electron irradiations at low temperatures were carried out in GaSb, GaAs and InAs, the chemical disordering and the resulting amorphization become more difficult to occur in the sequence GaSb ! GaAs ! InAs at each temperature.
It has been shown that various kinds of secondary defects are formed by electron irradiation of III-V compounds. Previous studies revealed that electron irradiation of GaAs resulted in the formation of interstitial dislocation loops at elevated temperatures (at 773 K) and in the formation of defect clusters at low temperatures (in the temperature range from 50 to 290 K) enough to prevent defect migration. [13] [14] [15] It is suggested that the chemical disordering observed in the present studies is induced at a quite low temperature (at 20 K), at which the point defects (i.e., interstitials) cannot migrate and aggregate to form dislocation loops. The chemical disordering may act as a trigger for the resulting amorphization.
In the zincblende structure, there exist Coulomb force among the constituent ion charges, the repulsive force by both the Pauli Exclusion Principle and Coulomb repulsion among the bond charges, and Coulomb force among the constituent ion charges and bond charges. The constituent ions (i.e., cations and anions) are kept at fixed lattice points by a balance among those forces. The changes in the constituent ion charges and the bond charges may affect the bond stretching force and bind bending force, respectively. 16, 17) Antisite defects have to be produced to induce the chemical disordering by electron irradiations. The formation of the antisie defects leads to change in the interaction among the ion charges, the bond charges or the mixtures mentioned above. Consequently, the local bond stretching and bending are able to take place. The lattice distortion accumulated by such a change in the charge distribution in the zincblende crystal increases with increasing degree of chemical disorder.
The almost complete chemical disordering may induce the amorphization of the crystals.
The tendency toward the amorphization in the sequence of GaSb, GaAs and InAs observed in the present experiments is related to the order of increasing ionicity. The cross section for the formation of antisite defects is a dominant factor governing the tendency toward the amorphization, because it is evident from the results that chemical disordering is a prerequisite for amorphization. According to the mechanisms given by the structural instability induced by changes in the interactions among the charges of ions and bonds mentioned above, the free energy for the formation of antisite defects may increase with increasing ionicity. 18) When the formation of antisite defects is attended by the large increase of the free energy, the point defect migration and recombination will promote chemical reordering. Consequently, at a fixed temperature, knock-on displacements are prevented with increasing ionicity. The promotion of chemical reordering may suppress the resulting amorphization.
Conclusion
It was revealed that the chemical disordering and the resulting amorphization become more difficult to occur in the sequence of the increasing ionisity at a fixed temperature, when single crystals of GaSb, GaAs and InAs were irradiated with 2 MeV electrons in the [001] direction at low temperatures. Introductions of the antisite defects are required to induce the chemical disordering which act as a trigger for the amorphization. They may be dependent on the surface, crystalline direction and so on. Studies to elucidate the process of the chemical disordering in detail are in progress in our laboratory. 
